Can Standard Model Higgs Seed the Formation of Structures in Our
  Universe? by Choi, Ki-Young & Huang, Qing-Guo
ar
X
iv
:1
20
9.
22
77
v2
  [
he
p-
ph
]  
19
 Ja
n 2
01
3
APCTP-Pre2012 - 015
Can Standard Model Higgs Seed the Formation of Structures in
Our Universe?
Ki-Young Choi1∗ and Qing-Guo Huang2†
1 Asia Pacific Center for Theoretical Physics,
Pohang, Gyeongbuk 790-784, Republic of Korea and
Department of Physics, POSTECH, Pohang,
Gyeongbuk 790-784, Republic of Korea and
2 State Key Laboratory of Theoretical Physics,
Institute of Theoretical Physics, Chinese Academy of Science,
Beijing 100190, People’s Republic of China
Abstract
We study the Standard Model Higgs field as a source for the primordial curvature perturbation,
particularly in the curvaton and modulated reheating scenario. We conclude that the Higgs cannot
play as a curvaton due to the small energy density when it decays, however the modulated reheating
by Higgs can be a viable scenario. In the latter case, the non-Gaussianity is inevitably generated
and strongly constrains the type of potential of inflaton field and Higgs-dependent interaction
term. For the quadratic potential of the inflaton field with decay rate which non-linearly depends
on the Higgs vacuum expectation value, the contribution of Higgs field to the primordial curvature
perturbation must be less than 8 %.
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I. INTRODUCTION
Cosmic inflation solves various problems in the standard Big Bang cosmology [1] and
simultaneously provides the seed of large scale structure in our Universe from the quantum
fluctuation of a light scalar field [2].
Recently ATLAS and CMS collaborations at CERN reported a discovery of Higgs-like
particle with the mass of 125 GeV [3, 4]. As a unique scalar field in the Standard Model
(SM), Higgs can be considered as a source field for the inflation. However it is known that
its large self-interaction predicts very large density perturbation, which is easily ruled out
by observation [5, 6].
It was recently demonstrated [7, 8] that the SM itself can give rise to inflation, provided
non-minimal coupling of the Higgs field with gravity. However this model is plagued by
several issues such as unitarity problem [9], and the stability of the potential up to the near
Planck scale [6]. The sensitivity of the Higgs inflation scenario to the details on the UV
completion of the theory was studied recently in [10].
Even though the canonical Higgs field in the Standard Model is not a good candidate for
inflation, it may contribute to the primordial curvature perturbation to seed the structure
formation and anisotropies in cosmic microwave background radiation. The Higgs pertur-
bation is generated during inflation on super horizon scales at horizon exit if its mass is
smaller than the Hubble scale. During inflation this remains the isocurvature perturbation,
however it can be converted to the adiabatic one after or at the end of inflation. In this case
Higgs can contribute to the primordial curvature perturbation.
In the Ref. [11], the authors studied the possibility that the SM Higgs might be respon-
sible for the inhomogeneties we observe in our universe in the alternative scenarios such
as modulated decay [12] and inhomogeneous end of inflation [13, 14]. In particular they
discussed about the implications for the detection of primordial tensor perturbations in the
future observation of B-mode of CMB polarization.
In this paper we study the idea of the Higgs field as a source for the primordial curvature
perturbation, however we focus on the observables from the non-linear terms in the curva-
ture perturbations, the non-Gaussianity. Wilkinson Microwave Anisotropy Probe (WMAP)
seven-year data constrains the local type nonlinear parameter, −10 < fNL < 74 at the 95%
confidence level [15].
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We find that Higgs as a curvaton is difficult since the energy density of the Higgs conden-
sate is too small at the time of energy transfer of Higgs to the radiation. In the modulated
reheating scenario, Higgs can contribute to the primordial curvature perturbation as shown
in [11]. However we find that the Higgs-dependent decay can generate large non-Gaussianity.
For the chaotic inflation with quadratic potential, too large non-Gaussianity is generated to
be compatible with the current observation due to the non-linearly Higgs-dependent decay.
In this case, we find that the Higgs contribution to the primordial curvature perturbation
should be less than 8%.
The paper is organized as follows. In Section II we summarize the properties of Higgs field
during inflation. In Section III we study the possibility of Higgs as curvaton. In Section IV
we consider the modulated reheating by Higgs. In Section V we summarize our results.
II. HIGGS FIELD DURING INFLATION
We consider the SM Higgs potential in the form,
V (h) = −1
2
m2h2 +
λ
4
h4, (1)
where the mass of Higgs in the minimum is mh =
√
2m ≃ 125 GeV and the self coupling
λ ≡ λ(µ) has a logarithmic dependence on the energy scale. When we use the central
values for the top quark mass and strong coupling constant, the Higgs potential develops
an instability around 1011GeV, with a lifetime much longer than the age of the Universe.
However taking into account theoretical and experimental errors, stability up to the Planck
scale cannot be excluded [16–18]. Therefore in this paper it is legitimate to assume that the
Higgs potential is stable up to the energy scale of our interest below Planck scale.
Since the canonical Higgs field is not suitable for inflation, we assume that there is another
scalar field which drives inflation at very high energy scale. The scale of the inflation is
constrained by the non-observation of the tensor spectrum. The present bound on the
tensor-to-scalar ratio gives upper bound on the Hubble parameter during inflation [15],
H . 3× 1014GeV. (2)
At this energy scale of inflation which is much larger than the electroweak scale, it is rea-
sonable to simplify Higgs potential Eq. (1) to be quartic as
V (h) ≃ λ
4
h4, (3)
where the size of the Higgs self coupling is λ(µ) ≃ O(10−2) [16, 18]. For simplicity we take
λ ≃ 0.01 and constant at the scale of our study.
For the generation of the quantum fluctuations of the Higgs field, we require that the
effective mass of the Higgs,
m2eff = Vhh = 3λh
2, (4)
is smaller than the Hubble parameter during inflation. This condition sets the upper bound
on the Higgs VEV
h≪ H√
3λ
. 2× 1015GeV, (5)
where we used Eq. (2) and λ = 0.01. Because Higgs is quite light 1, it almost does not move
from its initial position and stays there during inflation. At this stage, one can easily check
that the Higgs energy density is subdominant compared to the inflaton energy density by
the order of less than H2/M2P as long as Eq. (5) is satisfied.
On the other hand, the Higgs fluctuations is generated during inflation with the amplitude
δh =
H
2π
. (6)
Combining with Eq. (5), we lead to the range of the Higgs perturbation to Higgs VEV
0.03 ≃
√
3λ
2π
.
δh
h
. 1, (7)
which is independent on the precise value of Hubble parameter. Here the upper bound comes
by considering that the VEV of Higgs should be larger than the amplitude of its quantum
fluctuations.
1 The Higgs is plagued by the quadratic divergence of its mass, but in our discussion we assume that the
hierarchy problem is solved in some way and we don’t address this problem.
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III. HIGGS FIELD AS CURVATON
A light scalar field which is subdominant during inflation can decay very late after in-
flation, when its vacuum energy is transfer to the radiation. At this time the isocurvature
perturbation of curvaton field can be converted to the adiabatic one and contribute to the
primordial curvature perturbation. This is known as curvaton scenario [19–23]. There have
been many studies on this with different types of potentials of curvaton [24] including the in-
flaton contribution [25] to study the power spectrum and non-Gaussianities [26]. Since Higgs
is subdominant during inflation and decay late it can be a natural candidate for curvaton.
In this section we study the possibility of the SM Higgs field as curvaton.
Inflation is assumed to be driven by another scalar field, inflaton. During inflation the en-
ergy density of Higgs is subdominant and it acquires perturbation as explained in section II.
After inflation, the inflaton field oscillates around its local minimum and its potential en-
ergy is converted into radiations to initiate the radiation-dominated Universe. During this
time, Higgs field starts oscillation when the effective mass becomes bigger than the Hubble
expansion, namely when
H2osc = m
2
eff = 3λh
2. (8)
Since the potential of Higgs is quartic, the energy density of an oscillating Higgs decreases
as a−4 with scale factor a which is similar to radiations. Therefore during the epoch of the
oscillation of Higgs, the ratio of Higgs energy density to that of the radiation-dominated
background continues to be constant. Actually, after some oscillations of Higgs, the energy
of Higgs condensate is transferred to the radiation by perturbative and non-perturbative
processes. Since the coupling of Higgs to other fields are strong the energy transfer is
completed soon after the start of oscillation [27, 28]. Therefore the Higgs density parameter
Ωh at the time of Higgs decay is approximatetely the same as the onset of oscillation of
Higgs, which is given by
Ωh =
ρh
ρr
=
(
ρh
ρr
)
osc
=
λ/4 h4osc
3M2PH
2
osc
=
h2
36M2P
≪ H
2
108λM2P
. 1.5× 10−8. (9)
Here we used hosc = h, the higgs value during inflation and the inequality comes using
Eq. (2) and Eq. (5). The density perturbation generated after the decay of Higgs depends
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on the energy density of the Higgs when it decay, and it is given by
δρ
ρ
∼ ρh
ρ
δρh
ρh
∼ ρh
ρ
δh
h
∼ Ωh δh
h
. (10)
The Higgs perturbation δh/h is already bounded to be less than O(1) in Eq. (7). Therefore
we can easily see that, due to the small energy density of Higgs in Eq. (9), it cannot produce
enough density perturbation which is necessary for observation today. Thus we conclude
that Higgs cannot play as curvaton. In the Ref. [29], the authors also argued that Higgs is
not viable as curvaton in the context of generalized G inflation model.
IV. MODULATED REHEATING BY HIGGS
After inflation the energy density in the inflaton field must be transferred into radiation.
In the simplest case of single field inflation model, reheating process does not affect the
primordial curvature perturbation on scales which are observable today, because these scales
were much larger than the horizon at the time of reheating. However when there is a
subdominant light scalar field which modulates the efficiency of the reheating the situation
changes [12, 30, 31]. The quasi-scale invariant perturbations in this light field, which during
inflation are an isocurvature perturbation, can be converted into the primordial curvature
perturbation during this process [32]. In this section, we examine the possibility of Higgs as
a modulating particle in the reheating after inflation.
We assume that the inflaton field, φ, drives inflation and its subsequent decay during
oscillation transfers its vacuum energy to the background radiation. We consider the La-
grangian
L = 1
2
∂µφ∂
µφ− V (φ) + Lint, (11)
where V (φ) is the potential which is responsible for the inflation and Lint is the interaction
responsible for the inflaton decay, which depends on the Higgs VEV, h. For simplicity we will
take a polynomial potential for inflaton, V (φ) ∝ φ2α. For the Higgs dependent interactions
we consider [33]
Lint ⊃ −
∑
a
ya(h)φψ¯aψa −
∑
a
M(h)φχ2a −
∑
a
ga(h)φ
2χ2a, (12)
where χa and ψa are scalar and fermion fields which contribute to the radiation in the early
Universe. The coupling constants ya(h),Ma(h), and ga(h) are functions of the Higgs field h.
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The total decay rate of the inflaton can be composed of Higgs independent and dependent
part,
Γ(h) = ΓI + ΓD(h). (13)
Using Eq. (12), Higgs dependent decay rate ΓD(h) has the form of [33]
ΓD(h) =
∑
a
An
y2a(h)
8π
meffφ +
∑
a
Bn
Ma(h)
2
8πmeffφ
+
∑
a
Cn
h2a(h)
8π(meffφ )
3
ρφ, (14)
with meffφ the effective mass of the inflaton field defined by (m
eff
φ )
2 = ∂2V/∂2φ and An, Bn,
and Cn are numerical coefficients of the order of O(1− 1000) [33].
After the reheating process, the primordial curvature perturbation ζ has two contributions
from the inflaton and the Higgs field. Due to the slow-rolling the inflaton field does not
contribute to the curvature perturbation at non-linear orders. In contrast the modulating
field can easily generate the non-linear contribution to the ζ . In this mixed modulating
scenario, the ζ can be written as [31, 33]
ζ =
1
M2P
V
Vφ
δφ∗ +Qhδh∗ +
1
2
Qhhδh
2
∗ +
1
6
Qhhhδh
3
∗ + · · · , (15)
where Q is a function of Γ(h)/Hc calculated at a time tc which is after several oscillations
of the inflaton but well before the time of decay of inflaton. A quantity with subscript ∗
is evaluated when the corresponding scale crosses the Hubble horizon during inflation. For
Γ/Hc ≪ 1, Q can be well approximated by [31, 33]
Q = a0 log (Γ/Hc) , (16)
where a0 has different value and sign for different inflaton potential and interaction for the
dominant decay mode. The value of a0 for some of the examples are given in the Table I of
Ref. [33]. With this form we find the derivatives
Qh = a0
Γh
Γ
,
Qhh = a0
(
Γhh
Γ
− Γ
2
h
Γ2
)
,
Qhhh = a0
(
Γhhh
Γ
− 3ΓhΓhh
Γ2
+ 2
Γ3h
Γ3
)
.
(17)
Once ζ in Eq. (15) is given, we can easily calculate the power spectrum of curvature pertur-
bation
Pζ = Pζφ + Pζh =
1
2M2P ǫ∗
(
H∗
2π
)2
(1 + r˜). (18)
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The power spectrum has contributions from each field and we define the ratio by r˜ as
r˜ ≡ PζhPζφ
= 2M2P ǫ∗Q
2
h, (19)
where ǫ is the slow-roll parameter
ǫ ≡ M
2
P
2
(
Vφ
V
)2
. (20)
The spectral index of power spectrum of curvature perturbation is also obtained
ns ≡ 1 + d lnPζ
d ln k
= (1− β)nζφ + βnζh, (21)
where β ≡ r˜/(1 + r˜) ∈ [0, 1]. Here we used the notations
nζφ = 1− 6ǫ+ 2ηφφ, (22)
nζh = 1− 2ǫ+ 2ηhh, (23)
and
ηφφ ≡ M2P
Vφφ
V
, ηhh ≡ Vhh
3H2
. (24)
The tensor perturbation depends only on the total energy density during inflation, and
thus the amplitude of its power spectrum takes the form
PT = H
2
∗/M
2
P
π2/2
, (25)
whose tilt is given by
nT ≡ d lnPT
d ln k
= −2ǫ∗. (26)
Usually we introduce a new parameter, so-called tensor-to-scaler ratio r, to measure the size
of gravitational wave perturbation,
r ≡ PTPζ = (1− β)16ǫ∗. (27)
And thus we obtain the consistency relation scenario between nT and r for inflaton-
modulated reheating,
nT = − 1
1− β
r
8
. (28)
In the limit of β → 0, the consistency relation becomes the prediction of the usual single-field
slow-roll inflation model.
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Without loss of generality, we can assume that ΓD(h) is proportional to polynomial of
the Higgs field, hn, with n = 1, 2, 3, · · · . For each case of n, Qh in Eq. (17) takes the form
Qh = a0Bh
n
h
, (29)
where Bh ≡ ΓD/Γ, the fraction of the Higgs-dependent decay rate to the total decay rate
of inflaton field. Using the observed power spectrum, Pζ = 2.46 × 10−9 [15], and Eq. (18),
then Bh has to satisfy the relation
Bh = 3.1× 10−4
√
β
n|a0|
(
h∗
H∗
)
≪ 1.7× 10−3
√
β
n|a0| , (30)
where the last inequality comes from Eq. (5). Considering that
√
β ∼ O(10−1 ∼ 1) and
a0 ∼ 0.1, we conclude that
Bh . O(10−3 ∼ 10−2). (31)
It indicates that inflaton decay is dominated by the Higgs independent part.
During the modulated reheating process by Higgs, the non-linear term of ζ in Eq. (15) can
generate large non-Gaussianity, which might be inconsistent with observational bound. From
Eq. (15), we can calculate the non-linearity parameters fNL, τNL, and gNL. Following [33],
in the leading order of the slow-roll parameters, they are
fNL =
5
6
β2
a0
(
−1 + ΓΓhh
Γ2h
)
,
τNL =
β3
a2
0
(
1− ΓΓhh
Γ2h
)2
,
gNL =
25β3
54a20
(
2− 3ΓΓhh
Γ2h
+
Γ2Γhhh
Γ3h
)
.
(32)
Taking into account of the polynomial form of the Higg-depenent decay rate, ΓD(h) ∝ hn,
fNL can be written by
fNL ≃ −5
6
β2
a0
+
5
6
β2
a0Bh
n− 1
n
. (33)
When the linear term dominates the Higgs-dependent term (n = 1), only the first term
survives and fNL ≃ −56 β
2
a0
, which is smaller than O(1 ∼ 10). This is consistent with obser-
vation. However when the non-linear term dominates (n > 1), fNL is mostly determined by
the second term in Eq. (33) and can be large due to the small Bh. For this case with large
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fNL, the other non-Gaussianity parameters become
τNL ≃ 36
25β
f 2
NL
, (34)
gNL ≃ 2(n− 2)
3(n− 1)βf
2
NL
− 5
3
β
a0
fNL. (35)
If β ≪ 1, τNL are significantly enhanced compared to f 2NL.
For n = 1, we have a0 = −1/6 if the inflaton potential is quadratic, V (φ) ∝ φ2 [33].
The non-lineariy parameter is fNL = 5β
2 ≤ 5 and then the current bound on fNL does not
give any constraint on β 2 ; if V (φ) ∝ φ6 we have a0 = 1/6, 1/30, 1/18 corresponding to
the dominant interaction for inflaton decay −yφψ¯ψ, −Mφχ2, −λφφ2χ2 respectively, and the
bound on fNL implies
β < min(
√
12a0, 1). (36)
We see that the non-Gaussianity does not constrain the model and the Higgs can significantly
contribute to the curvature perturbation in the case of n = 1.
However when the non-linearly dependent term dominates the result changes. For n > 1,
with the quadratic type of inflaton potential, V (φ) ∝ φ2, the present bound on the nonlinear
parameter fNL gives strong constraint. We obtain the upper bound β
2 < 12n
n−1
|a0|Bh for
negative a0. Combining with Eq. (30), this gives
β .
0.075
(n− 1)2/3 . (37)
Since β ≃ r˜ for small β, the constraint on β translates into the bound on the contribution
of the Higgs field to the power spectrum. From Eq. (37), we conclude that the Higgs can
contribute only 8% to the power spectrum of the primordial curvature perturbation and this
is very subdominant.
V. DISCUSSION
We have examined the viability of the Standard Model Higgs as a dominant source of the
primordial curvature perturbation. We find that Higgs as a curvaton is difficult since the
energy density of the Higgs condensate is too small at the time of energy transfer of Higgs
2 If a positive fNL > 5 is detected by forthcoming observations, such as PLANCK satellite [34], this case
can be probed.
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to the radiation. In the modulated reheating scenario, Higgs can dominantly contribute to
the perturbation when the Higgs-dependent decay rate is linearly proportional to the Higgs
VEV. In this case the primordial non-Gaussianity generated by Higgs must be small. On
the other hand, if the Higgs-dependent decay rate depends non-linearly on the Higgs VEV,
too large non-Gaussianity is predicted. The current bound on the non-linearity parameter
shows that the contribution of the Higgs to the total curvature perturbation must be smaller
than 8% for the quadratic potential of inflaton field.
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